We study the global hydrodynamic performance of a semi-submersible floating platform unit in order to optimize the hull form in the future. The hydrodynamic problem is solved by employing potential flow theory and Morison equation for modelling of the viscous effects. The added mass and damping coefficients, as well as the first-order motion responses, second-order mean drift forces, diffracted and radiated wave field, and airgap are computed to examine the hydrodynamic behavior of the floating production unit. The computational results
Introduction
Tension Leg Platform (TLP), Spar, and Semi-submersible (SEMI) are the three major floater concepts adopted for oil/gas exploration and offshore wind energy extraction in the past few decades. SEMI shows more advantages over the other two in deep water applications. For instance, as the operation water depth goes beyond 1200 meters, the cost of implementing a TLP concept increases rapidly. Spar is neither a cost-effective solution as most of the commissioning work and the hull & topside integration have to be performed offshore, despite of its one of the critical criteria for performance evaluation of a FPU in either Gulf of Mexico (GOM) or North Sea (API RP 2SK, 2005) . The negative airgap means that wave impact/slamming can occur and the hull/topside may be damaged. Furthermore, the second-order mean drift forces should also be taken into account in the course of optimization because they can significantly affect the mooring and riser systems.
The principal focus of this paper is to investigate the dependence of a semi-submersible FPU's the global motion performance on its main particulars, which lays the ground work for hull form's optimization study in the future. The rest of the paper is organized as follows. First, we give the mathematical formulation including the computational approaches for the evaluation of hydrodynamic loads, motion responses, mean drift forces, wave elevations and airgap. Second, the hydrodynamic behavior of SEMI FPU are systematically examined by employing a classic boundary element method code WADAM. Third, extensive parametric studies have been performed to examine the physical effects of principal dimensions on the motion performance, second-order mean drift forces, diffracted wave field, and airgap. Finally, conclusions are given based on the aforementioned simulations.
Mathematical Formulation and Numerical Models
We study the three-dimensional wave-structure interaction problem in deep water. The floating unit is positioned by a taut or semi-taut mooring system. The total external forces acting on the structure can be decomposed into wave-induced force and viscous drag force. The wave force acting on large-scale structural components, such as columns and pontoons of a semi-submersible, can be computed based on potential flow theory. The viscous drag force can be evaluated by Morison equation.
Wave-structure interaction
The sketch of the problem for a typical SEMI FPU is shown in Figure 1 . The submerged hull structure consists of a ring pontoon and four columns, which are located in Northwest (NW), Northeast (NE), Southwest (SW), and Southeast (SE), respectively. The mean submerged hull surface is modelled. The main particulars of the hull are illustrated in Figure 1 . The draft of the hull is denoted as Draf t. The spacing between the centers of two adjacent columns is CS. The width of the column is CW . The width and height of the pontoon are defined as P W and P H, respectively. The column corner radius is denoted as CCR. The width of cakepiece is denoted as CP . The fluid is assumed to be ideal and the flow irrotational. The fluid density is defined as ρ. Since the floating structure is symmetric about x and y axes, only the fluid domain with x ≥ 0 and y ≥ 0 is considered. The definition of the incident wave heading is illustrated in Figure 2 , where a plan view of the FPU is presented.
A boundary value problem (BVP) for a floating structure in deep water is solved. The floating unit may undergo unsteady oscillations in its six degrees of freedom. Two coordinate systems are employed: the x o system is fixed to the mean position of the floating body, and the x system is fixed to the moving hull. The boundary value problem is solved in the right-hand fixed coordinate system, as shown in Figure 1 . The x-axis points to the direction of platform east (PE) and the z-axis points upward. The origin is on the calm water plane at mid-section of the hull. In the x o coordinate system, a velocity potential is introduced to describe the fluid motion by using the aforementioned assumptions so that the fluid velocity can be expressed as the gradient of a potential function. The total velocity potential Φ (x, y, z, t) can be written in the following manner (Newman, 1977) Φ(x, y, z, t) = Φ I (x, y, z, t) + Φ D (x, y, z, t) + Φ R (x, y, z, t) ( 1) where Φ I (x, y, z, t) represents a velocity potential due to incident wave; Φ D (x, y, z, t) and Φ R (x, y, z, t) denote the disturbance velocity potential due to wave diffraction and radiation, respectively. All the velocity potentials satisfy the Laplace equation. Appropriate body boundary condition, free surface boundary condition, and far-field radiation condition should be satisfied to complete the boundary value problem.
By assuming the amplitude of incident wave is small and the body motion is stable, all the velocity potentials can be written in a complex form as follows
where ϕ (x, y, z) is the spatial velocity potential and ω is the incident wave frequency. We denote ϕ j (j = 1, 2, ..., 6) and ϕ D as the spatial radiation and diffraction velocity potentials, respectively. ϕ I is the spatial velocity potential for an incident wave of the unit amplitude.
By using Eqn.(2), the boundary value problem can be further simplified to a time-independent one, which can be solved in the frequency domain. This type of BVP is solved by using a boundary integral method for both radiation and diffraction problems. Once the ϕ j and ϕ D are computed, the hydrodynamic pressure acting on the floating structure can be evaluated based on the Bernoulli's equation. As a result, the first-order wave exciting force can be obtained by integrating the hydrodynamic pressure over the mean wetted hull surface, which is expressed as
where ϕ I and ϕ D are spatial velocity potentials for incident and diffracted waves, respectively; ζ is the amplitude of incident wave; S B is the mean wetted hull surface; n j (j = 1, 2, ..., 6) is the unit normal vector at the hull surface. After solving the radiation problem, the added mass and damping coefficients can be computed by
where µ kj and λ kj represent added mass and wave radiation damping, respectively; ϕ j is the spacial radiation velocity potential due to a forced motion in jth mode.
Potential flow theory (Panel model)
In order to solve the boundary value problem by using boundary element method (BEM), the mean submerged hull surface has to be panelized. A typical panel model is illustrated in Figure 3 . The average mesh size is 2 meters and the total number of panels is N = 7104. As only the first-order velocity potential has to be solved, the calm water surface does not need to be meshed. Different mesh sizes have been selected for convergence test, which will be presented and discussed in Section 3. 
Viscous effects (Morison model)
Since the wave diffraction effect is trivial for small-scale structure, usually the Morison equation is employed to compute the wave-induced force (including inertia force and drag force) on small-scale structure, i.e. mooring lines, tendons and risers. In addition, Morison equation can also be applied to compute the drag forces on the columns and pontoons. As the floating structure may undergo large amplitude motion, it is necessary to consider the relative motion between the floating body and fluid particles. Thus, a generalized Morison equation should be adopted and it can be written as
where C a is the added mass coefficient; inertia coefficient C M = C a + 1; C d is the drag coefficient; V is the volume of the body; A is the projected area matrix of the body; u is the fluid particle velocity; ξ is the motion amplitude of the body. In fact, the first term in Eqn.(5) represents Froude Krylov force and the third term is the drag force. It should be noted that C d should be determined based on the shape of cross section of the structure (DNV-RP-C205, 2007) . The added mass for the large-scale components (columns and pontoons) is computed by using the panel method in context of potential flow theory. In addition, the drag force is nonlinear with respect to the fluid particle velocity. In order to compute the motion responses in frequency domain, it is necessary to perform linearizations (WADAM, 2005) . The nonlinear drag force can be linearized based on the amplitude of motion response. The linearized drag force can be computed by
where B v is the linearized viscous damping coefficients; V max is a linearizing velocity amplitude. It should be noted that a few iterations have to been performed to reach a converged linearized damping coefficient.
Equation of motion in frequency domain
The equation of motion for a floating structure in frequency domain can be written as
where X is the amplitude of motion, including translational models ⃗ X T (X 1 , X 2 , X 3 ) and rotational modes ⃗ X R (X 4 , X 5 , X 6 ); M is the mass/inertia matrix of the floating structure. µ and λ are the added mass and radiation damping coefficient, respectively; B v is the linearized viscous damping matrix. C and C e are the hydrostatic matrix and the external restoring matrix of a mooring system, respectively. F ex is the wave exciting force per unit wave amplitude, depending on incident wave frequency ω and wave heading angle θ.
The first-order motion response amplitude operators (RAOs) in regular waves can be computed through solving Eqn. (7). By using the obtained RAOs together with an irregular wave spectrum, the motion response spectrum can be evaluated by
where S R is the response spectrum. S ζ (ω) is the irregular wave spectrum. H is a transfer function, which is the RAO in this case.The root mean square (RMS) of the motion responses in irregular waves is computed by
where f (β) is a wave spreading function only for short-crested waves, representing the directional distribution of energy in the waves, and is defined in the following way
where β represents the angle of the elementary waves relative to the main direction θ of the shorted-crested wave system. δ is the wave direction spacing and set to 15
• . The larger the value of n, the more sharp is the distribution function and the more concentrated is the directional energy distribution. n is set to 2 in the present study.
In this paper, JONSWAP wave spectrum is adopted, which can be written as
where ω p is the peak wave frequency; γ is the wave peak enhancement factor; g is gravitational acceleration. σ is the wave peak shape factor, which is evaluated by
and α is defined by
where H s is the significant wave height.
Second-order mean drift forces
After solving the first-order boundary value problem, the second-order forces can be further computed by using the first-order velocity potential and motion response RAOs. There are two approaches to evaluate the second-order mean drift forces. One is the direct pressure integration method by integrating the second-order pressure over the submerged hull surface. The other is the momentum conservation method, which is derived from the momentum balance. To achieve better performance for convergence, the momentum conservation method is adopted for the computations (Newman, 1974; Lee, 1999) 
Wave elevation and airgap
One of the key design and optimization criteria for a SEMI FPU is the airgap, which is defined as the minimum distance between water surface and bottom of the deck supported by the four columns. Hence, the airgap is related to the total wave elevation, which is the summation of the incident, diffracted and radiated waves. The minimum airgap AG min at a point ⃗ x(x, y, z) underneath deck bottom can be evaluated by
where AG s denotes the static airgap, which is equal to the freeboard (FB) of the hull. Z max represents the relative wave surface elevation with respect to the platform. It can be computed by
where η is the wave elevation including the incident, diffracted and radiated waves. ⃗ X R (X 4 , X 5 , X 6 ) are the motion amplitudes in rotational modes. It should be noted that the relative motion includes wave frequency and low frequency components. Only wave frequency component is considered in this study. The most probable minimum (MPM) airgap is obtained by assuming Rayleigh distribution for the relative wave elevation.
Based on Rayleigh distribution which assumes narrow-banded wave spectrum, the most probable largest response is given by
where σ is the root mean square of the responses in irregular waves. D s is the duration of short term sea state and set to 3 hours. T A is the mean-zero-upcrossing response period.
Numerical Results

Convergence tests
Convergence tests have been carried out for a typical SEMI FPU. The main particulars of the base SEMI FPU are listed in Table 1 . The convergence of the numerical solutions with respect to the size of panels are presented in Figure 4 . Four sets of panelizations are selected for convergence tests. As shown in the plots, the predicted hydrodynamic coefficients, including heave added mass (µ 33 ) and damping coefficients (λ 33 ), wave exciting forces and the motion responses (RAOs) converge as the panel size decreases. Furthermore, excellent convergence performance is found even around the resonances, which confirms that the present numerical model can well predict the hydrodynamic behavior of a floating semi-submersible. Therefore, by compromising the accuracy and efficiency, the panel size of 3 meters is adopted for the following computations.
As shown in Figure 4 , the added mass in heave µ 33 approaches to a constant value when the forced motion period goes up to infinity. Meanwhile, the heave damping coefficient drops to zero when wave frequency 
approaches to zero or infinity. The surge exciting force reaches the maximum around wave period of 7 to 8 seconds, which causes a local hump in surge RAO in that particular range of wave periods. In fact, the surge hump is one of the key factors which causes the wave-induced fatigue of production or oil/gas export risers because the operational wave condition is concentrated on the range of those wave periods (API RP 2MET, 2014). Moreover, it is found that the heave exciting force reaches the maximum as the heave damping µ 33 approaches the maximum. This can be explained by the Haskind relation (Newman, 1977) . The heave damping coefficient drops to almost zero for wave period around 23 seconds, which is correlated with the minimum in the plot of the heave exciting force F 3 . This particular wave period is called the cancellation period, where the wave exiting force reaches the minimum as the heave force acting on each pontoon cancels each other. Other cancellation periods can also be identified in the plot of wave exciting forces. As a result, the heave RAO has the minimums at those cancellation periods as shown in Figure 4 (f). 
Wave exciting forces and RAOs in regular waves
Motion responses in irregular waves
The motion responses in irregular waves are also computed. 100-year hurricane wave condition in Gulf of Mexico is applied (API RP 2MET, 2014) for the analyses. JONSWAP spectrum is adopted as input irregular wave condition. Two sea states are adopted for analyses. One is the operational wave condition, the other one is the survival wave condition. The wave parameters for the two load cases are listed in Table 2 . The motion response spectrums in long-crested waves are plotted in Figure 7 . As presented, the motion responses in the survival condition are much higher than those in the operational condition. The peak frequencies of response spectrums in surge, heave and pitch in survival condition are lower than those in operational condition. The motion response spectrums in short-crested waves are plotted in Figure 8 . The comparisons of surge, heave, pitch and yaw responses in long-crested and short-crested waves are listed in Table 3 . As shown, surge, pitch and yaw motion responses in short-crested waves are much smaller than those in long-crested waves, while heave motion responses in short and long-crested waves are almost the same (about one percent of difference) due to its insensitivity of wave direction. A is the amplitude of incident wave. Main particulars of the hull are listed in Table 1 . Table 1 . Table 1 .
Mean drift forces
The second-order mean drift forces are computed based on the momentum conservation method and the numerical results are illustrated in Figure 9 . The drift forces in surge, sway and yaw are all presented for four different wave headings θ = 0
• , and 45
• . As illustrated, the mean drift forces show high oscillations in the high frequency (low wave periods) region. In addition, the maximum mean drift yaw moment occurs in 15
• wave heading.
Wave elevation and airgap
In order to examine the characteristics of diffracted and radiated wave field inside the moonpool, which is critical to the evaluation of the probability of deck slamming, the distribution of the wave elevations is computed and analyzed.
The convergence analysis for airgap is performed at two different locations for four different wave headings with four sets of panelizations. As presented in Figure 10 , the predicted airgaps converge as the number of panels increases over 3520. Therefore, the panel size of 3 meters (3520 panels) is adopted for airgap computations.
The convergence analysis of probes' smallest distance to column is also carried out. Thirteen probes are placed at y = 36.48 meters with the interval of 0.2 meter, among which the closest to the column is 0.6 meter. The airgaps of these probes in irregular long-crested waves are illustrated in Figure 11 . As shown, the smallest airgap occurs at 2∼2.4 meters away from the column. Therefore, the innermost probes are set 2.2 meters away from columns. The distribution of wave probes for airgap computations is illustrated in Figure 12 . The wave scattering is investigated in both regular and irregular wave conditions. First, the case of regular waves is studied. The selected wave period is 15.4 seconds. The total wave elevations including incident, diffracted and radiated waves are plotted in Figure 13 for four different wave headings. As illustrated in Figure 13 (b), the maximum wave amplitude is 1.213 and it occurs in wave heading of 15
• near the Northeast (NE) column at point (23.4 m, 30.65 m, 0 m). This can be attributed to the fact that the closer it is to the wall, the stronger wave diffraction is.
Second, the wave scattering in irregular waves is also investigated. Figure 14 shows the contour of most probable maximum (MPM in 3-hour simulation based on Rayleigh distribution) wave elevations in long-crested waves. As shown, the most probable maximum wave elevation is 19.7 meters and it occurs at the first point in the diagonal line next to the NE column in wave heading θ = 45
• . The difference between the results in regular and irregular waves reflects that the worst wave heading for wave elevation is related with wave periods. Thus, a few other irregular wave spectrums with different peak wave periods T p are tested. It is confirmed that the maximum wave elevation occurs in the same wave heading θ = 45
• for peak wave periods ranging from 13 to The contour of airgaps in long-crested linear waves is plotted and illustrated in Figure 15 . The motion responses of the FPU are included in the evaluation of airgaps. It should be noted that only wave frequency motion is considered here (low frequency motion will be included in the future study). It is found that the sum of the most probable maximum wave elevation and minimum airgap for each point is larger than static airgap, which indicates that motion responses of the FPU play a significant role in sustaining airgaps. As shown in Figure 15 (d), the most probable minimum airgap is 5.43 meters in 100-year hurricane condition and it occurs in the diagonal line pointing to the SW column along the wave direction θ = 45
• , though the maximum wave elevation point is in the diagonal line pointing to the NE column. This reflects that the effect of motion responses at the minimum airgap point (AG45) is much weaker than the effect at WP45. The phase angles of wave elevation and vertical motion (combined of heave, roll and pitch motions) at AG45 and WP45 are illustrated in Figure 16 . It shows that the wave elevation and vertical motion share almost the same phase angle at WP45 for wave period around 15 seconds, while they have approximate 0.25π phase difference at AG45. Therefore, although the vertical motion at WP45 is smaller than that at AG45, the airgap at WP45 is increased greatly. We denote the worst airgap point in long-crested linear waves as AG45 (-56.89 m, -56.89 m, The contour of airgaps in long-crested nonlinear waves is plotted in Figure 18 . In order to account for wave nonlinearities, a wave amplification factor 1.2 is applied. As shown, the most probable minimum airgap is 2.16 meters and it occurs at the points at the left side of NE and SE columns in wave heading θ = 0 wave heading θ = 0
• is taken for analysis in the next section in this paper.
Parametric Study
Extensive parametric studies have been performed to examine the dependence of global performance on the main particulars of the floating production unit. The key dimensions include hull draft, column width, column spacing, column corner radius, pontoon height, pontoon width, and the size of cakepiece. Systematic numerical computations are performed and will be presented in the following subsections. In the course of parametric study, both the transverse and longitudinal GM are remained as 1.0 meter, which can be maintained in practice by adjusting the water ballast in pontoons and columns. The radiuses of gyration are assumed to be the same as those of base model because they can not be accurately estimated until the phase of detailed design. Both regular wave and irregular wave conditions are adopted for parametric studies. In regular wave condition, the motion response RAOs and total wave elevations at the worst airgap location AG0 are compared. In irregular wave condition, the statistics of the motion responses are compared in long-crested nonlinear waves (the wave amplification factor is 1.2). In addition, we also investigate the airgap for a peak wave period between 13 to 15 seconds, which is consistent with the typical T p range for a 100-year hurricane or typhoon condition in either GOM or North Sea.
Effect of hull draft
In order to examine the effects of hull draft, global motion analyses have been performed for a series of hull forms by varying the drafts. First, the case of regular waves is studied. The hull draft is increased from Table 4 , and the other hull parameters are the same as those listed in Table   1 . The surge, heave and pitch motions are compared in Figure 19 . The comparisons of wave elevation are also performed. As can be observed from the comparisons, the motion performance has been improved after increasing the hull draft. The surge hump around 7.5 seconds is suppressed from 0.28 to 0.23 when the draft increases to 33.5 meters. The heave hump around 17 seconds drops substantially from 0.62 to 0.49, which is critical to the strength and fatigue of the riser system. The pitch motion hump around 7 seconds also decreases and the resonant motion around 11 seconds decreases from 0.78 to 0.53. In short, the increase of hull draft has significant impact on the global motion responses in surge, heave and pitch. Figure 19 (d) shows the wave elevations at the worst airgap location. As illustrated, by increasing draft, the maximum wave elevation is suppressed for wave periods between 8 and 12 seconds.
The phases of the motion responses are plotted in Figure 20 , where the phase angles of heave, pitch and combined motions vary little with the increased draft. The heave motion is in phase with incident long wave and the pitch motion is out of phase with incident wave (phase angle about π/2), which is expected. Figure   20 (d) shows the comparisons of the phase angles of combined motion and wave elevation at the worst airgap location AG0. As illustrated, for wave periods from 10 to 20 seconds, the combined vertical motion is almost in phase of the wave elevation. It should be noted that the peak wave period in extreme wave condition, i.e. 100-year hurricane condition, is typically around 14 to 15 seconds, which indicates that wave elevation in extreme irregular waves is in phase with the combined motion at AG0.
In addition, the case of irregular waves is investigated through numerical computations. The comparisons of root mean square (RMS) of surge, heave and pitch responses are presented in Figure 21 . The MPM airgap at the location AG0 in wave heading θ = 0 • is also presented. As illustrated in the plots, by increasing the draft, root mean square (RMS) of surge motion response decreases when T p goes beyond 7 seconds. The heave motion response RMS reduces as draft increases for peak wave period ranging from 10 to 20 seconds (around 17 seconds). Figure 21 (d) suggests that when peak wave period is below 14 seconds, the reduction of wave elevation due to increased draft is dominant, so that the airgap is increased. However, as peak wave period is beyond 14 seconds, the reduction of heave motion is dominant so that the airgap reduces.
Effect of column width
The effects of column width (CW) on motion responses, wave elevations and airgap are investigated in the present subsection. The set of selected column widths is listed in Table 5 . Figure 22 also decreases. As shown in Figure 22 (d), the wave elevation at the worst airgap point AG0 increases as the relative column corner radius (scaled by CW) reduces. Figure 23 illustrates the comparisons of the motion responses and airgap in irregular waves. As can be observed, the heave motion response for T p around 14 seconds is slightly affected by the column width. In addition, Figure 23 (c) reveals that the pitch motion can be suppressed by increasing CW. Besides, increasing CW can lead airgap to be reduced. This is because that larger CW causes relatively higher wave elevation while small effects on combined vertical motion.
Effect of column spacing
In order to find out the effects of column spacing (CS), a series of numerical tests have been performed by varying the column spacing, which are summarized in Table 6 . As CS varies, the total length and beam of the FPU are changed. This causes the total displacement and added mass of the floater to vary so that the hydrodynamic behavior of the FPU is modified. The comparisons of the motion responses are presented in Figure 24 . As can be seen, the cancellation periods for both surge and heave motions will go up when CS increases. At the same time, both the surge and heave humps increase with the growth of CS. As expected, heave resonant period grows with increasing column spacing. In addition, the pitch resonant motion around 13 seconds will increase when CS goes up. Figure 24 (d) presents the comparison of wave elevation for different CS. It indicates that the wave elevation is not sensitive to column spacing. Figure 25 illustrates the effects of column spacing on motion responses and airgap in irregular waves. The comparison indicates that the surge motion for peak wave period from 7 to 9 seconds increases as column spacing increases. However, the surge motion RMS decreases for peak wave period T p larger than 11 seconds. Figure   25 (b) suggests that smaller column spacing CS can achieve better heave motion performance for peak wave period between 14 to 18 seconds. In addition, as illustrated in Figure 25 (c), the pitch motion can be improved by reducing CS. In addition, the airgap for T p between 13 and 15 seconds gets worse by reducing the CS.
Periods ( 
Effect of column corner radius
Typically, the cross-section of the columns for a SEMI is a square with four rounded corners. However, the effect of the column corner radius (CCR) on the hydrodynamic performance has not been well understood.
Therefore, a parametric study is performed to examine this effect. The main particulars are fixed except for the column corner radius. The variations of CCR are listed in Table 7 . Figure 26 shows the comparison for regular waves. As can be seen, the surge motion does not depend on the CCR. Nevertheless, both the cancellation period and resonant period of heave motion increase with the increasing CCR. With the growth of CCR, the resonant pitch motion increases by a small amount. In addition, the wave elevation around the column decreases as CCR increases. Figure 27 presents the comparisons of motion responses and MPM airgap in irregular waves. Consistent with the solutions in regular waves, the surge motion in irregular waves is not sensitive to CCR. As CCR increases, the heave motion gets a little worse for peak wave period T p between 14 to 19 seconds. As peak wave period T p goes beyond 20 seconds, the heave motion decreases with the increase of CCR. For peak wave period between 13 and 15 seconds, larger CCR results in better airgap. It is because that larger CCR will cause larger vertical motion and smaller wave elevation.
Effect of pontoon height
The main contribution to wave exciting force in heave comes from the pontoons. Thus, the optimization of pontoon is critical. In this subsection, the height of pontoon is varied and the other main hull parameters remain the same. We tested four different pontoon heights, which are listed in Table 8 . By rigorous comparisons for case of regular waves, as shown in Figure 28 , it is shown that the heave cancellation period can be significantly affected by the pontoon height. As pontoon height increases, the cancellation period goes up. As shown in Figure 29 presents the comparisons for irregular waves. As illustrated, the pontoon height has almost no impact on the surge motion response. However, the increase of PH can make the heave motion to be worse for T p around 15 seconds. Therefore, with the growth of PH, the airgap gets worse as PH affects wave elevation much more than the heave motion.
Effect of pontoon width
The pontoon width is a key hull parameter which may impact the motion performance. In order to examine this effect, we change the width of pontoon by only adjusting the outer side of pontoon. The purpose for this design is to reduce the heave motion at the riser porch, which is usually placed at the inner side of pontoon.
Different pontoon widths are summarized in Table 9 . significantly by PW. As PW increases from 12.76 to 21.76 meters, the heave motion increases for a T p between 11 and 14 seconds, and the airgap goes up for T p between 13 and 15 seconds.
Effect of cakepiece
The cakepiece (CP) is a key structural component which is placed at the intersection between the pontoon and the column for enhancing the integrity of the whole floater. The effects of cakepiece on motion responses in regular waves are presented in Figure 32 , where different sizes of the cakepiece are summarized in Table 10 .
As shown in the figure, the cakepiece has trivial effects on surge motion. However, both heave cancellation and resonant periods are affected by the size of cakepiece. As the size of cakepiece increases, the mass and added mass increase, which further causes the heave resonant period and hump amplitude to increase. In addition, the pitch motion and wave elevation does not change with CP appreciably. Figure 33 presents the numerical results for irregular waves. The comparisons indicate that the surge motion responses are almost the same for different CP. As CP increases, the heave response also increases for T p less than 20 seconds, but decreases for T p longer than 20 seconds which usually stands for a swell. Because of that, larger CP will lead to higher heave motion and a more positive airgap, as presented in Figure 32 (d).
Conclusions
We investigate the strategies for optimizing a semi-submersible FPU in order to improve its global hydrodynamic performance, including motion responses in regular and irregular waves, second-order mean drift forces, wave elevations inside moonpool and airgap. We first study the hydrodynamic behavior of a typical SEMI FPU. By examining numerical results, it is revealed that the motions are mostly smaller in short-crested waves than those in long-crested waves for the distribution of wave energy. The maximum wave elevation occurs in 45
• wave heading near the Northeast (NE) column. This can be attributed to the fact that wave diffraction is intensified when it is close to the wall. This worst wave elevation point is denoted as WP45. The minimum 
airgap occurs in 45
• wave heading at AG45 near the Southwest (SW) column in long-crested linear waves. This is because that the effect of vertical motion at AG45 is smaller than that at WP45 on sustaining airgap due to the phase difference between wave elevation and vertical motion. The airgap in short-crested waves is much smaller than that in long-crested waves. The worst airgap points in long-crested nonlinear waves are located at the left side of NE and SE columns in 0 • wave heading, since the effect of wave elevation is stronger than that of vertical motion on airgap. The point next to NE column is denoted as AG0.
Comprehensive parametric studies have been carried out in order to identify the main particulars which can affect the hydrodynamic performance of a typical SEMI FPU. Through this study, it is found that:
I) Increasing hull draft can effectively suppress heave, surge and pitch motions. The airgap can be improved by increasing draft in irregular waves with T p less than 14 seconds. However, the airgap tends to decrease for T p more than 14 seconds as draft increases.
II) Increasing column width (CW) can reduce the pitch motion, but lead the wave elevation to increase around the column. Therefore, the airgap reduces significantly as CW increases.
III) Increasing column spacing (CS) causes larger heave and pitch motions so that the airgap is improved.
IV) Column corner radius (CCR) affects the heave resonant period. Increasing CCR results in longer heave cancellation and resonant periods so that the heave motion in irregular waves increases. Furthermore, the airgap is improved as CCR increases.
V) Increasing pontoon height (PH) can lead heave resonant period to increase. Hence, the heave motion in extreme wave condition turns to get worse. However, the airgap decreases because the wave elevation increases and it's more dominant than the growth of heave. Therefore, smaller pontoon height can cause lower heave motion and higher airgap simultaneously.
VI) Reducing pontoon width (PW) can reduce both the heave and pitch motions. Airgap is improved as PW increases in extreme wave condition.
VII) The size of cakepiece (CP) can affect the heave motion. Larger CP will cause heave motion to increase and airgap can be improved.
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